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Abstract: 15 
The mineral tunisite has been studied by using a combination of scanning electron 16 
microscopy with energy dispersive X-ray fluorescence and vibrational spectroscopy.  17 
Chemical analysis shows the presence of Na, Ca, Al and Cl. SEM shows a pure single phase. 18 
An intense Raman band at 1127 cm-1 is assigned to the carbonate ν1 symmetric stretching 19 
vibration and the Raman band at 1522 cm-1 is assigned to the ν3 carbonate antisymmetric 20 
stretching vibration.  Infrared bands are observed in similar positions. Multiple carbonate 21 
bending modes are found.  Raman bands attributable to AlO stretching and bending 22 
vibrations are observed. Two Raman bands at 3419 and 3482 cm-1 are assigned to the OH 23 
stretching vibrations of the OH units.  Vibrational spectroscopy enables aspects of the 24 
molecular structure of the carbonate mineral tunisite to be assessed.  25 
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1. Introduction  28 
The mineral tunisite [1] is a carbonate bearing mineral containing chloride and the cations 29 
Na, Ca and Al. Its formula is NaCa2Al4(CO3)4Cl(OH)8. The mineral is tetragonal [2, 3]. 30 
Crystals are tabular and numerous vicinal forms as booklike subparallel to random aggregates 31 
[1, 4].  The mineral was first described from Sidi Youssef Mine, Le Kef, Tunisia is also 32 
known from a number of deposits [1, 5, 6].   33 
Vibrational spectroscopic studies of carbonate minerals have been undertaken over an 34 
extended period of time [7-9]. Adler and Kerr showed that differences in the infrared 35 
absorption spectra of carbonates were a function of cation size [7].  Some NIR studies have 36 
been undertaken [10, 11] . Raman studies also have been forthcoming but not in recently [12-37 
14].  Farmer reported the vibrational wavenumbers of calcite structured minerals (table 12. 38 
IX page 239) [15].  In this table the band positions for smithsonite were listed as 1093 cm-1 39 
(ν1 symmetric stretching mode), 1412 and 1440 cm-1 (ν3 antisymmetric stretching mode), 870 40 
cm-1 (ν2 in-plane bending mode), 733 and 743 cm-1 (ν4 out of plane bending mode) with 41 
lattice modes at 307, 200, 165 cm-1.  Some variation of band positions is found in the 42 
literature. Very little spectroscopic information on tunisite is available. Therefore, it is logical 43 
for a comparison to be made with other hydroxy-carbonates including hydrozincite and 44 
aurichalcite.  However, a comparison may be made with the mineral aurichalcite.  The 45 
mineral aurichalcite (Zn,Cu2+)5(CO3)2(OH)6  is also monoclinic as are many of the other 46 
hydroxy carbonates such as malachite [16-18]. Aurichalcite forms in the oxidation zones of 47 
zinc-copper deposits. Crystals are similar to that of hydrozincite and are acicular and fibrous 48 
and often found in aggregates. Anthony et al. (2003) reports aurichalcite to be acicular to 49 
lathlike crystals with prominent crystal growth along the [010] axis, commonly striated 50 
parallel to [001] axis. The mineral is of point group 2/m and space group P21/m [19].   The 51 
accurate X-ray crystallography of aurichalcite is difficult to obtain because of its very small 52 
interwoven needles which make obtaining single crystal studies difficult [18-21].  Harding 53 
(1994) showed that the positions in the structure of aurichalcite are octahedrally coordinated. 54 
The atom positions occupied by zinc have tetrahedral coordination [21].  Spectroscopic 55 
studies of aurichalcites and related minerals such as hydrozincite have been sparse. Reports 56 
regarding the chemical analysis, ESR, electronic and some limited infrared spectroscopic 57 
studies have been published [22].  These workers reported optical spectra revealing the 58 
presence of copper in D4h symmetry with crystal field (Dq) and tetragonal field (Ds and Dt).  59 
This research was further extended in a comparison of rosasite and aurichalcite [23].  Optical 60 
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and EPR spectra of aurichalcite accounted for Cu2+ ion in the distorted octahedron site [23].  61 
Stoilova et al. (2002) reported the infrared spectra of a series of synthetic hydroxy carbonates 62 
containing Cu2+ [24]. 63 
Raman spectroscopy has proven most useful for the study of diagenetically related minerals 64 
as often occurs with carbonate minerals [25-27].  Very few spectroscopic studies of the 65 
halogenated carbonates have been forthcoming and what studies that are available are not 66 
new. Few Raman studies of any note are available [28].  The aim of this paper is to present 67 
Raman and infrared spectra of tunisite and to relate the Raman spectra to the structure of 68 
tunisite.    69 
2. Experimental 70 
2.1 Samples description and preparation 71 
 The tunisite sample studied in this work originated from Condorcet, Nyons, Drôme, 72 
Rhône-Alpes, France. Geological study of the locality was published [29]. The compositions 73 
have been reported by Anthony et al. (page 658) [30].  The sample was incorporated to the 74 
collection of the Geology Department of the Federal University of Ouro Preto, Minas Gerais, 75 
Brazil, with sample code SAC-153. The sample was gently crushed and the associated 76 
minerals were removed under a stereomicroscope Zeiss Stemi DV4 from the Museu de 77 
Ciência e Técnica of the Federal University of Ouro Preto. Qualitative and semiquantitative 78 
chemical analyses via SEM/EDS were applied to the mineral characterization.  . 79 
 80 
2.2 Scanning electron microscopy (SEM) 81 
Experiments and analyses involving electron microscopy were performed in the Center of 82 
Microscopy of the Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais, 83 
Brazil (http://www.microscopia.ufmg.br). 84 
Tunisite crystals were coated with a 5nm layer of evaporated carbon. Secondary Electron and 85 
Backscattering Electron images were obtained using a JEOL JSM-6360LV equipment. 86 
Qualitative and semi-quantitative chemical analyses in the EDS mode were performed with a 87 
ThermoNORAN spectrometer model Quest and was applied to support the mineral 88 
characterization. 89 
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2.3 Raman microprobe spectroscopy 90 
Crystals of tunisite were placed on a polished metal surface on the stage of an Olympus 91 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 92 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 93 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 94 
Spectra-Physics model 127 He-Ne laser producing highly polarized light at 633 nm and 95 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 96 
100 and 4000 cm-1.  The power at the samples is the ~0.1mW. Some of the carbonate 97 
minerals are sensitive to the intensity of the laser. Repeated acquisitions on the crystals using 98 
the highest magnification (50x) were accumulated to improve the signal to noise ratio of the 99 
spectra. Raman Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer.  The 100 
Raman spectrum of at least 10 crystals was collected to ensure the consistency of the spectra.  101 
An image of the tunisite crystals measured is shown in the supplementary information as 102 
Figure S1.  Clearly the crystals of tunisite are readily observed, making the Raman 103 
spectroscopic measurements readily obtainable. 104 
 105 
2.4 Infrared spectroscopy 106 
Infrared spectra of tunisite were obtained using a Nicolet Nexus 870 FTIR spectrometer with 107 
a smart endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range 108 
were obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror 109 
velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.   110 
 111 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 112 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 113 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 114 
that enabled the type of fitting function to be selected and allows specific parameters to be 115 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 116 
function with the minimum number of component bands used for the fitting process. The 117 
Lorentzian-Gaussian ratio was maintained at values greater than 0.7 and fitting was 118 
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undertaken until reproducible results were obtained with squared correlations of r2 greater 119 
than 0.995. 120 
3. Results and discussion 121 
3.1 Chemical characterization 122 
The SEM image of tunisite sample studied in this work is shown in Figure 1. The image 123 
shows a cleavage fragment of a crystal. The fragment has no zonation and no other mineral 124 
phase was observed. The chemical analysis is shown in Figure 2.  Chemical analysis shows 125 
the presence of C, Ca, Al, Na and Cl as expected for tunisite. 126 
3.2 Vibrational  spectroscopy 127 
3.2.1 Spectroscopy of carbonate anion 128 
Nakamoto et al. first published and tabulated the selection rules for unidenate and 129 
bidentate anions including the carbonate anion [31].  The free ion, CO32- with D3h symmetry 130 
exhibits four normal vibrational modes; a symmetric stretching vibration (ν1), an out-of-plane 131 
bend (ν2), a doubly degenerate asymmetric stretch (ν3) and another doubly degenerate 132 
bending mode (ν4). The symmetries of these modes are A1´ (R) + A2´´ (IR) + E´ (R, IR) + E´´ 133 
(R, IR) and occur at 1063, 879, 1415 and 680 cm-1 respectively. Generally, strong Raman 134 
modes appear around 1100 cm-1 due to the symmetric stretching vibration (ν1), of the 135 
carbonate groups, while intense IR and weak Raman peaks near 1400 cm-1 are due to the 136 
antisymmetric stretching mode (ν3). Infrared modes near 800 cm-1 are derived from the out-137 
of-plane bend (ν2). Infrared and Raman modes around 700 cm-1 region are due to the in-plane 138 
bending mode (ν4). This mode is doubly degenerate for undistorted CO32- groups [31]. As the 139 
carbonate groups become distorted from regular planar symmetry, this mode splits into two 140 
components [31]. Infrared and Raman spectroscopy provide sensitive test for structural 141 
distortion of CO32. 142 
 143 
3.3 Vibrational spectroscopy of tunisite 144 
The Raman spectrum of tunisite in the 100 to 4000 cm-1 spectral range is displayed in Figure 145 
3a. This spectrum shows the position and relative intensities of the Raman bands. It is noted 146 
that there are large parts of the spectrum where no intensity or minimal intensity is observed. 147 
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Thus, the spectrum is subdivided into subsections depending upon the type of vibration being 148 
studied. The infrared spectrum of tunisite in the 500 to 4000 cm-1 spectral region is shown in 149 
Figure 3b. This figure shows the position of the infrared bands and their relative intensities. 150 
This spectrum displays the position and relative intensities of the infrared bands. As for the 151 
Raman spectrum, there are parts of the spectrum where little or no intensity is observed. The 152 
infrared spectrum is therefore subdivided into sections depending upon the type of vibration 153 
being analyzed. 154 
The Raman spectrum of tunisite over the 1000 to 1250 cm-1 spectral range is reported in 155 
Figure 4a. An intense Raman band is observed at 1127 cm-1 with a second Raman band at 156 
1030 cm-1. These bands are assigned to the ν1 symmetric stretching vibration. The infrared 157 
spectrum of tunisite over the 650 to 1200 cm-1 spectral range is shown in Figure 4b.  Intense 158 
infrared bands are observed at 1129 and 1153 cm-1 and are assigned to ν1 symmetric 159 
stretching vibration.  The strong infrared band at 978 with the shoulder at 966 cm-1 is 160 
assigned to the hydroxyl deformation vibration. In the infrared spectrum of tunisite reported 161 
by Johan et al. [1], infrared absorption bands were found at 680, 850, 1155, 1530, 1725, 162 
1860, 1920, 2330, 2650, and 3500 cm-1. There is a reasonable comparison between the 163 
infrared spectrum of Johan et al. with our spectrum. No band assignments were made by 164 
these authors. Frost and Dickfos interpreted the spectra of the carbonate anion in double 165 
carbonates [28]. 166 
 167 
In the infrared spectrum of dawsonite as reported by Frueh and Golightly, bands were 168 
observed at 858 and 842 cm-1 and were attributed to the ν2 bending mode of the carbonate 169 
anion [32].   The infrared bands of tunisite at 805, 838 and 842 cm-1 are assigned to the ν2 170 
bending mode of the carbonate anion.  Two infrared bands are found at 730 and 741 cm-1 and 171 
are assigned to the ν4 carbonate bending mode.  Two strong infrared bands are observed at 172 
664 and 677 cm-1. These bands are assigned to AlO stretching vibrations. Frueh and 173 
Golightly reported a band at 685 cm-1 and assigned the band to this vibrational mode [32].   174 
Serna et al. attributed most of the vibrational bands below 700 cm-1 to AlO modes [33].   175 
 176 
The Raman spectrum of tunisite over the 1450 to 2000 cm-1 spectral range is shown in Figure 177 
5a.   The infrared spectrum of tunisite in the 1200 to 1700  cm-1 spectral range is reported in 178 
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Figure 5b. The Raman spectrum in this spectral region shows an intense Raman band at 1522 179 
cm-1 with low intensity shoulders at 1499 and 1542 cm-1. These bands are assigned to the ν3 180 
carbonate antisymmetric stretching vibration. These bands are also observed in the infrared 181 
spectrum with a complex spectral profile. The series of overlapping infrared bands at 1456, 182 
1474, 1504, 1521, 1567 cm-1 are assigned to this carbonate vibrational mode.  183 
The Raman spectrum of tunisite over the 350 to 900 cm-1 spectral range is shown in Figure 184 
6a. Raman bands at 838, 842 and 854 cm-1 are assigned to the ν2 bending mode of the 185 
carbonate anion.  The Raman bands observed at 676, 731, 745 and 788 cm-1 are assigned to 186 
the ν4 carbonate bending mode.  The intense Raman band at 532 cm-1 is due to AlO stretching 187 
vibrations. The series of Raman bands at 387, 408, 417, 425 and 441 cm-1 are assigned to 188 
OAlO bending modes. The Raman spectrum of tunisite over the 100 to 350 cm-1 spectral 189 
range is shown in Figure 6b. Raman bands in this spectral region are simply described as 190 
lattice modes.  191 
The Raman spectrum of tunisite in the OH stretching region is illustrated in Figure 7a.  Two 192 
Raman bands are observed at 3419 and 3482 cm-1 with a high wavenumber shoulder at 3561 193 
cm-1.  These bands are assigned to the OH stretching vibrations of the OH units. The infrared 194 
spectrum of tunisite in the OH stretching region is illustrated in Figure 7b.  Intense infrared 195 
bands are found at 3404 and 3487 cm-1 and are attributed to the stretching vibrations of the 196 
OH units.  197 
 198 
4. Conclusions 199 
In this research, we have undertaken a SEM, EDX and Raman and infrared study of the 200 
mineral tunisite NaCa2Al4(CO3)4Cl(OH)8.  SEM shows a pure single phase with no 201 
extraneous phases.  Chemical analysis shows the presence of Na, Ca, Al and Cl.  202 
Raman bands at 1127 and 1522 cm-1 are assigned to the carbonate ν1 symmetric and ν3 203 
antisymmetric stretching vibrations.  Multiple carbonate bending modes are found providing 204 
evidence for the reduction in symmetry of the carbonate anion. Raman bands at 3419 and 205 
3482 cm-1 are assigned to the OH stretching vibrations of the OH units.   206 
 207 
 208 
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Figure 2 - EDS analysis of tunisite. 340 
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Figure 3 (a) Raman spectrum of tunisite over the 100 to 4000 cm-1 spectral 
range (upper spectrum) (b) Infrared spectrum of tunisite over the 500 to 
4000 cm-1 spectral range (lower spectrum) 
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Figure 4a Raman spectrum of tunisite (upper spectrum) in the 1000 to 1250  cm-1 
spectral range and Figure 4b infrared spectrum of tunisite (lower spectrum) in the 650 
to 1200  cm-1 spectral range 
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Figure 5a Raman spectrum of tunisite (upper spectrum) in the 1450 to 2000  cm-1 
spectral range and Figure 5b infrared spectrum of tunisite (lower spectrum) in the 
1200 to 1700  cm-1 spectral range 
19 
 
 
 
Figure 6a Raman spectrum of tunisite (upper spectrum) in the 350 to 900  cm-
1 spectral range and Figure 6b Raman spectrum of tunisite (lower spectrum) 
in the 100 to 350  cm-1 spectral range 
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Figure 7a Infrared spectrum of tunisite (upper spectrum) in the 3000 to 3800  cm-1 
spectral range and Figure 7b infrared spectrum of tunisite (lower spectrum) in the 2800 
to 3800  cm-1 spectral range 
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